Abstract-This paper presents an instrumented robotic arm for landmines detection tasks during humanitarian demining activities. The manipulator has 5 DOF and it is endowed with a metal detector for landmines detection and a mini-TOF camera for mapping the terrain that has to be scanned. The mini-TOF camera provides a point cloud of the terrain that allows keeping the metal detector at a constant height above the ground and performing an efficient scanning of the contaminated terrain.
I. INTRODUCTION
Landmines, improvised explosive devices, cluster munitions and unexploded ordnances are an enduring legacy of conflicts. These artifacts can remain active for decades, even after conflicts have ended, causing a significant number of victims, limiting the access to the polluted territories and restricting the use of available resources to the affected populations [1] . The process of elimination of these devices, known as Land Release, constitutes a complex problem that involves several operational stages. One of the most dangerous and tedious activities included in this huge process is the closein detection, which in most cases is carried out by human operators equipped with prodders, metal detectors, and/or dual sensors consisting of a combination of ground penetrating radars and metal detectors. Deminers are then in charge of scanning the terrain manually with the help of these sensors, dividing the search area in lanes that are 1m width and 10 m long. Deminers are also obliged to take rest periods after 30 minutes of working continuously to avoid tiredness or mental distraction that can result in accidents. A simple mistake may cost them the life.
Mobile robots equipped with proper array of sensors for mines detection represent a good solution for automating this dangerous and time-consuming task. Mobile robots are able to work continuously during long periods without losing repeatability of movements and avoiding, in case of accidents, the loss of human lives. In order to assist human deminers in close-in detection tasks, several prototypes have been proposed in the last years such as: MR-2, a teleoperated EOD vehicle with a detector arm of 4 DoF and a LFR arm used to carry all the auxiliary sensors [2] [3] ; GRYPHON-IV, a teleoperated quad with a 3 DoF pantograph arm equipped with a metal detector, a GPR and an artificial vision system [4] [5] ; HUNTER, a caterpillar EOD robot provided with a Cartesian arm of 3 DoF for scanning tasks [6] ; AMRU5, an hexapod walking robot for humanitarian demining [7] ; TITAN-IX, a quadruped walking robot that is capable of reconfiguring its legs for manipulation tasks and its gait in case that one of its leg is broken [8] [9] [10] ; SILO 6, an autonomous hexapod walking robot designed for humanitarian demining tasks that carries on-board a 5 DOF robotic arm with IR sensors [11] ; RMA teODor, a tracked mobile robotic platform equipped with a multi-channel metal detector system [12] ; and FSR Husky, a lightweight mobile robot that carries a 2 DOF mine-clearance arm with metal detector and artificial nose [13] .
Although most of the aforementioned prototypes are equipped with some kind of robotic arm in order to handle the sensors for mine detection, just a few of these researches address the strategy for inspecting the field. This paper is focused in the implementation of an instrumented robotic arm for scanning the polluted terrain. The manipulator, which is an updated version of the SILO 6 robotic arm [14] , has 5 DOF and it is endowed with a metal detector for landmines detection and a mini-TOF camera for mapping the terrain that has to be scanned. This work is being done within the Framework of the EU FP7 TIRAMISU project [15] . The rest of the paper is organized as follows. Section II describes the design of the robotic arm. Section III presents the sensory system utilized for scanning the terrain and controlling the manipulator during the close-in detection tasks. The system architecture implemented is explained in Section IV. Finally, Section V summarizes the major conclusions and future research directions.
II. ROBOTIC ARM
The robotic arm has 5 DOF in elbow-up configuration, three of them for positioning the metal detector in the Cartesian space, and the other two, located at the wrist of the manipulator, for adapting the metal detector attitude in case of terrain inclinations. Therefore, this configuration provides sufficiently mobility for positioning and orienting the metal detector with respect to the ground and reduces possible undesirable contacts with other parts of the robot or objects in its environment. The robotic arm structure is made of aluminum and all the rotational joints are driven by DC motors. Table I summarizes the main technical specifications of the robotic arm. Figs. 1 and 2 show the mechanical structure of the robotic arm and its kinematic scheme, respectively. The Denavit-Hartenberg [16] parameters for obtaining the forward kinematics of the robotic arm are displayed in Table II.   TABLE I. MAIN SPECIFICATIONS OF THE ROBOTIC ARM
Degrees of freedom 5
Stability High 
The mechanical design of the robotic arm makes it easier the resolution of the inverse kinematic problem. The chain consisting of the links from 1 to 4 constitute an articulated arm that moves on the same vertical plane, which rotates around Z 0 with an angle ș 1 . Then, by geometric calculations (see Fig. 3 ), it follows:
where p wy and p wx are the components of the vector that determines the position of the wrist in the base reference frame. Finally, by considering the homogeneous transformation matrix and by applying the algebraic method, it follows:
III. SENSORY SYSTEM One of the most important factors for detecting buried landmines with metal detectors in an effective way is to keep the sensor head as closer as possible to the ground. The closer the detector head is to the ground, the deeper the electrical field is projected and the greater is the possibility to detect the mines. Therefore, the robotic arm should move the sensor head parallel to and at a constant height from the ground at all times, following the terrain irregularities, and bearing in mind that generally, metal detectors' manufacturers recommend keeping the sensor head at a distance less than 5cms above the ground during scanning tasks [17] .
In order to provide to the control system of the robotic arm the required information for planning its movements during the close-in detection activities, the sensory system approach proposed is based on a mini-TOF camera, the pmd[vision] CamBoard nano (see Fig. 5 ). This camera is able to acquire a depth map and an amplitude image at the resolution of 120 x 160 pixels, as well as x, y and z coordinates to each pixel in the depth map. Table III summarizes the main technical specifications of the mini-TOF camera. Therefore, the mini-TOF camera provides a point cloud of the terrain that will allow keeping the metal detector at a constant height above the ground and performing an efficient scanning of the contaminated terrain.
Some simulations and preliminary experiments have been carried out in order to determine a proper location of the mini-TOF camera on the robotic arm. Fig. 6 shows a GUI implemented in Matlab that determines the field of view of the mini-TOF camera as function of its position with respect to the metal detector. From the obtained results it is concluded that the mini-TOF camera should be installed between 0.3 and 0.4m above the metal detector head in order to have a sufficiently large field of view that covers the metal detector head and its surroundings. In this way, it is possible to detect obstacles in the vicinity of the sensor head and to avoid them with the robotic arm. When the mini-TOF camera is located at 0.4m from the metal detector head, the resulting field of view is 0.5 x 0.8m. Fig. 7 shows a simulated scenario prepared to evaluate the capabilities of the mini-TOF camera for mapping the terrain surface. Note that this image has been acquired with an external camera, different from the mini-TOF camera included in the robotic manipulator, only for illustration purposes. The corresponding amplitude and depth images acquired with the mini-TOF camera are displayed in Figs. 8 and 9 , respectively. Lastly, Fig. 10 shows the resulting 3D map of the test scene. As is it possible to observe, the two obstacles are clearly detected, as well as part of the metal detector head. Depth measurements are represented in meters in the z-axis, taken as the origin the frontal plane of the mini-TOF camera. Each sweep carried out by the robotic manipulator will consist on a pre-programmed trapezoidal x-y trajectory of the metal detector center, while the z coordinate and the rotational angles for the sensor head orientation will be controlled by using the point cloud acquired with the mini-TOF camera.
IV. ARCHITECTURE
The system architecture of the robotic arm is based on a distributed architecture with different modules hierarchically organized in hardware and software. The hardware architecture consists of an on-board computer, control cards, data acquisition boards, power cards, signal conditioner cards, positioning sensors and DC motors. The software architecture is in charge of generating the trajectories, controlling the manipulator and coordinating all the DC motors of the robotic arm. All these tasks are distributed in a hierarchically structure where it is possible to distinguish the following levels (see Fig.  11 ):
• Low level control: this level contains the PID position and velocity controllers for the DC motors of the robotic arm.
• Joint control: this level is responsible of controlling each individual joint of the manipulator.
• Trajectory control: this level includes functions for the generation and control of different kind of trajectories within the work volume of the robotic arm.
• Kinematics: this level comprises all the transformations required for the forward and inverse kinematics.
• Communications: this level establishes the communication with the control station with a TCP/IP protocol.
• Mini-TOF data acquisition: this level is in charge of controlling the acquisition process of the mini-TOF camera and the processing of the acquired data.
V. CONCLUSIONS
This paper presents an instrumented robotic arm for closein detection tasks carried out during humanitarian demining activities. The forward and inverse kinematics of the manipulator has been introduced, as well as the proposed sensory system and the software and hardware architecture. The manipulator has 5 DOF and it is equipped with a metal detector and a mini-TOF camera for acquiring 3D information of the polluted terrain. With this information the robotic arm will be controlled to keep the metal detector as closer as possible to the ground, improving the rate of landmines detection. 
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